Pythiosis is a life-threatening infectious disease caused by Pythium insidiosum. Early and accurate diagnosis is the key to prompt treatment and an improved prognosis for patients with pythiosis. An alternative to microbiological and immunological approaches for facilitating diagnosis of pythiosis is the PCR-based assay. Until recently, the ribosomal DNA (rDNA) region was the only target available for PCR-based detection of P. insidiosum. Failure to detect P. insidiosum by PCR amplification using the rDNA-specific primers has been reported. PinsEXO1, encoding an exo-1,3-b-glucanase, is an alternative, novel and efficient target for identification of P. insidiosum by conventional PCR. In this study, we aimed to develop a realtime (RT)-PCR approach targeting PinsEXO1 and compare its performance with conventional PCR for the detection of P. insidiosum. Both conventional and RT-PCR assays were positive for all 35 P. insidiosum strains tested, whilst all 58 control fungi were negative. The turnaround time for conventional PCR was 10 h, whilst that for RT-PCR was 7.5 h. The lowest amounts of genomic DNA template required for successful amplification by conventional and RT-PCR were 1 and 1610 24 ng, respectively. In conclusion, the RT-PCR assay retained 100 % sensitivity and 100 % specificity for detection of P. insidiosum. It showed a substantially improved analytical sensitivity and turnaround time that could improve diagnosis of pythiosis. The assay could also facilitate quantitative DNA analysis and epidemiological studies of P. insidiosum.
INTRODUCTION
Pythiosis is a life-threatening infectious disease of humans and animals caused by the oomycete Pythium insidiosum (Mendoza et al., 1996) . Infections occur primarily within tropical and subtropical countries. Most pythiosis patients present with symptoms of vascular infection (claudication and gangrenous ulcer of arm or leg) or ocular infection (corneal ulcer or keratitis) (Krajaejun et al., 2006a) . P. insidiosum shares microscopic morphologies with certain pathogenic fungi (i.e. Aspergillus), which can easily lead to misdiagnosis. Diagnosis of pythiosis is difficult and frequently delayed. Antifungal drugs are ineffective against P. insidiosum, leaving surgical removal of an infected organ or limb the treatment of choice for patients with pythiosis (Krajaejun et al., 2006a) . Delayed treatment frequently leads to patient mortality (*40% of patients with vascular pythiosis) (Krajaejun et al., 2006a) .
Early and accurate diagnosis is the key to prompt treatment and an improved prognosis for patients with pythiosis. A number of assays are available for facilitating diagnosis of pythiosis, such as culture identification and immunodiagnostic tests (Chareonsirisuthigul et al., 2013; Keeratijarut et al., 2009; Vanittanakom et al., 2004) . Culture identification is a time-consuming and relatively insensitive technique. Immunodiagnostic tests have been developed to detect either anti-P. insidiosum antibodies in patient serum (i.e. immunodiffusion, ELISA, immunochromatography and haemagglutination) or the organism itself in infected tissues (i.e. immunohistostaining assay). Inability to detect low levels of the anti-P. insidiosum antibodies produced in some patients (Jindayok et al., 2009; Krajaejun et al., 2009) and cross-reactivity with certain pathogenic fungi (Keeratijarut et al., 2009) limit the clinical usefulness of these immunodiagnostic tests.
An alternative to microbiological and immunological approaches is the PCR-based assay, which can be used to detect genomic DNA (gDNA) of P. insidiosum in infected tissues or cultures (Badenoch et al., 2001; Bosco et al., 2005; Grooters & Gee, 2002; Vanittanakom et al., 2004; Znajda et al., 2002) . Until recently, the ribosomal DNA (rDNA) region (comprising 18S rRNA, ITS1, 5.8S rRNA, ITS2, 28S rRNA and the intergenic spacer) was the only target available for molecular-based detection of P. insidiosum. rDNA sequence analysis, using the universal fungal primers, has become a standard molecular method for detection of P. insidiosum (Badenoch et al., 2001; Reis et al., 2003; Rivierre et al., 2005; Vanittanakom et al., 2004) . However, as an alternative method for detection of P. insidiosum, some investigators have developed PCR amplification assays using P. insidiosum rDNA-specific primers, but without subsequent rDNA sequence analysis. For example, Grooters & Gee (2002) reported a nested PCR assay using ITS1/ITS2 (as the first-round primers) and PI-1/PI-2 (as the second-round primers), and Vanittanakom et al. (2004) reported a single-round PCR assay using the primers ITSpy1/ITSpy2. Failure to detect rDNA of P. insidiosum by PCR amplification using the speciesspecific primers PI-1/PI-2 (Vanittanakom et al., 2004) and ITSpy1/ITSpy2 (Keeratijarut et al., 2014) suggested that these primers do not anneal properly to the target or that some strains lack the primer-specific sequences. Due to the limited sensitivity of the rDNA-specific primers for PCR detection of P. insidiosum, Keeratijarut et al. (2014) developed a conventional PCR assay detecting the putative exo-1,3-b-glucanase gene, PinsEXO1, which encodes the 74 kDa immunodominant protein of P. insidiosum (Keeratijarut et al., 2014; Krajaejun et al., 2006b Krajaejun et al., , 2010 Vanittanakom et al., 2004) . Compared with the rDNA-specific primers ITSpy1/ITSpy2, the newly designed PinsEXO1-specific primers Dx3/Dx4 amplified a 550 bp PCR product from all 35 gDNAs of P. insidiosum tested (100 versus 91%; Table 1 ) (Keeratijarut et al., 2014) . The PinsEXO1 gene is therefore an alternative, novel and efficient target for PCR detection of P. insidiosum.
Molecular detection of P. insidiosum has largely relied on conventional PCR techniques, which require time-consuming and multistep procedures. A need exists for an improved PCR-based assay for detection, quantitative DNA analysis and epidemiological studies of P. insidiosum. In the past decade, real-time (RT)-PCR has become well accepted as a rapid and efficient technique for identification and quantification of many pathogens (Mackay, 2004) . Compared with conventional PCR, RT-PCR dispenses with many of the laborious or hazardous steps of the procedure, such as electrophoresis and ethidium bromide staining. For this and other reasons, we aimed to develop a PinsEXO1-targeting RT-PCR assay for identification and quantification of DNA from P. insidiosum, and to compare its performance with the previously reported conventional PCR assay.
METHODS
Micro-organisms. A total of 35 P. insidiosum isolates were recruited for gDNA extraction (Table 1) . Twenty-nine isolates of P. insidiosum were isolated from patients with vascular pythiosis (n514), ocular pythiosis (n510) and other forms of pythiosis (n55). Two isolates of P. insidiosum from animals were obtained from the CBS culture collection (Utrecht, The Netherlands; http://www.cbs.knaw.nl). Four isolates of P. insidiosum were isolated from environmental samples collected in Thai agricultural areas (Supabandhu et al., 2008) . The identity of all P. insidiosum isolates was confirmed by culture identification with zoospore induction (Chaiprasert et al., 1990) and rDNA sequence analysis (see Table 1 for GenBank accession numbers) (Badenoch et al., 2001) . Genomic DNA extraction. gDNA of P. insidiosum was extracted by using the salt-extraction method of Lohnoo et al. (2014) . Control gDNA was extracted from other fungi using the method described by Keeratijarut et al. (2014) . Concentration and purity of all gDNA samples were measured by a NanoDrop 2000 spectrophotometer (Thermo Scientific). Agarose gel electrophoresis was performed to check gDNA integrity.
Conventional PCR. PCR amplifications of the rDNA and PinsEXO1 genes were performed using the methods described by Keeratijarut et al. (2014) . Two pairs of primers were used to amplify all gDNA samples: (i) the universal fungal primers ITS1 (59-TCCGTAGGTG-AACCTGCGG-39)/ITS4 (59-TCCTCCGCTTATTGATATGC-39) and (ii) the PinsEXO1-specific primers Dx3 (59-GCGAGTTCTGGCTC-GACTTTA-39)/Dx4 (59-ACAAGCGCCAAAAAGTCCCA-39) (Keeratijarut et al., 2014) . To serve as a negative control, an amplification reaction was run without template. Amplicons were analysed by agarose gel electrophoresis (1%, w/v, in 1| Tris/borate/EDTA). Gels were stained with ethidium bromide (0.5 mg ml 21 in distilled water) for 10 min and visualized by Gel Doc XR+ (Bio-Rad).
RT-PCR. Beacon Designer software version 3.0 (Premier Biosoft) was used to design the primers Pr77 (59-AAGACGTACTACTGGAAG-39)/Pr78 (59-CATAAAGTCGAGCCAGAA-39) for RT-PCR amplification of the reference PinsEXO1 gene (GenBank accession number GU994093). The primers were searched using BLAST against a draft genome sequence of P. insidiosum (Rujirawat et al., 2015) and genomes of six other Pythium species (Pythium aphanidermatum, Pythium arrhenomanes, Pythium irregular, Pythium iwayamai, Pythium ultimum and Pythium vexans) deposited in the FungiDB database (Stajich et al., 2012) for off-target priming (date performed: 22 May 2015). The Primer-BLAST program (Ye et al., 2012) was used to check primer-pair specificity of Pr77/Pr78 against two National Center for Biotechnology Information (NCBI) databases: nucleotide collection and genomes from all available organisms.
Each PCR amplification (10 ml) contained 100 ng gDNA template, 10 mM each primer, 1| SsoFast EvaGreen Supermix (Bio-Rad), and DNase-and RNase-free water (Invitrogen). Amplification reactions were carried out in a Bio-Rad CFX96 Touch real-time thermal cycler with the following cycling conditions: initial denaturation 3 min at 95 uC, 40 cycles (95 uC for 10 s and 57 uC for 30 s). A melting curve was generated over temperature increments from 57 to 95 uC. All gDNA samples were tested in triplicate. A negative control (no template) was included in each run. Fluorescence signals of each sample were collected and analysed using CFX Manager software version 3.0 (Bio-Rad) to obtain quantification cycle (C q ) values and melting curves.
A standard curve generated from C q values and quantities of gDNA of P. insidiosum template (1|10 22 to 1|10 1 ng) was used to were used to calculate intra-and inter-assay coefficients of variation (CVs). Analytical sensitivity (limit of detection) was determined based on a set of 10-fold serial-dilutions of gDNA template (ranging from 1|10 2 to 1|10 24 ng). The number of copies of the P. insidiosum genome per 100 ng gDNA was estimated using the following equation: genome copies5(m/GS)|(NA/Mbp), where m represents the mass of the gDNA template (1|10 27 g), GS represents the P. insidiosum genome size (*53 240 000 bp) (Rujirawat et al., 2015) , NA represents Avogadro's number (6.022|10 23 bp mol 21 ) and Mbp represents the mean mass of a base pair (660 g mol 21 ) (Wilhelm et al., 2003) .
DNA sequencing. Each amplicon was purified using a NucleoSpin Gel and PCR clean-up kit (NucleoSpin). Direct DNA sequencing was performed using the primers Dx3 or Dx4 and a Big Dye Terminator Cycle Sequencing kit (Applied Biosystems). Automated sequencing was analysed using an ABI 3100 Genetic Analyzer and Applied Biosystems Sequencing software (Applied Biosystems).
Sequence alignment analysis. The reference PinsEXO1 gene sequence (GenBank accession number GU994093) was used to retrieve orthologous sequences from the genomes of P. aphanidermatum, P. arrhenomanes, P. irregular, P. iwayamai, P. ultimum and P. vexans, deposited in the FungiDB database (Stajich et al., 2012) . All PinsEXO1 (n518; Table 1 ) and orthologous (n57) sequences from other Pythium species were aligned by CLUSTAL W (Larkin et al., 2007) and visualized by MView (Brown et al., 1998) .
RESULTS

Development of RT-PCR assay
The RT-PCR primers Pr77/Pr78 were searched using BLAST against the 53.2 Mb draft genome of P. insidiosum (comprising 1192 contigs) (Rujirawat et al., 2015) , and annealed to targets in contig0076 and contig0165. Both targets provided the same size amplicon (111 bp) with 99-100% sequence identity to PinsEXO1. The primers Pr77/Pr78 did not properly anneal to any sequences in the genomes of six other Pythium species deposited in the FungiDB database (Stajich et al., 2012) . The Primer-BLAST program (Ye et al., 2012) was used to check the specificity of Pr77/Pr78 against the NCBI databases. The primer pair annealed to only the PinsEXO1 gene (GenBank accession numbers GU994090-GU994111) (Krajaejun et al., 2010) , but not to genes from other organisms. Sequence alignment analysis of PinsEXO1 (n518 ; Table 1 ) and the orthologous sequences from noninsidiosum Pythium species (n57) showed that the primers Pr77/Pr78 properly annealed to the PinsEXO1 sequences, but not the orthologous sequences (Fig. 1) . In relation to the reference PinsEXO1 sequence (GenBank accession number: GU994093), all PinsEXO1 showed 98-100% sequence identity, whilst the orthologous sequences showed 83-95% sequence identity.
RT-PCR had an optimized annealing temperature of 57 uC. Estimated molecular size of the PinsEXO1 amplicon was *110 bp by 1% agarose gel (data not shown). Melting curves of the PinsEXO1 amplicon appeared at *87 uC (Fig. 2b) . A standard curve generated from 10, 1, 0.1 and 0.01 ng of P. insidiosum gDNA template showed an E value of 107.9% and an R 2 value of 0.994. From the results of six different runs, the intra-assay CV was determined as 1.5-3.1% and the inter-assay CV was determined as 1.5%.
Performance of conventional and RT-PCR assays
The gDNA samples extracted from P. insidiosum (n535) and control fungi (n558) were used to evaluate the
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Fig. 1. Sequence alignment analysis of 18 PinsEXO1 gene sequences (Pins_P01-03, P06, P07, P09-11, P15-19, P22, P24, P27-29 and Pi-S; see Table 1 for GenBank accession numbers) of P. insidiosum and seven orthologous sequences of other Pythium species [P. aphanidermatum (Paph_DAOMBR444), P. arrhenomanes (Parr_ATCC12531), P. irregular (Pirr_DAOMBR486), P. iwayamai (Piwa_DAOMBR242034), P. ultimum (Pult_DAOMBR144 and Pult_BR650) and P. vexans (Pvex_DAOMBR484); retrieved from the FungiDB database (http://www.fungidb.org/)]. Primer annealing sites (Pr77/Pr78) are indicated.
A. Keeratijarut and others performance of two sets of PinsEXO1-specific primers: Pr77/Pr78 (for RT-PCR) and Dx3/Dx4 (for conventional PCR) (Keeratijarut et al., 2014) . The universal fungal primers ITS1/ITS4 were used to confirm the presence of gDNA in all samples. Primer pairs Pr77/Pr78, Dx3/Dx4 and ITS1/ITS4 did not amplify any PCR product from no-template controls.
Conventional PCR (using the primers Dx3/Dx4) amplified an intense 550 bp PCR product from all 35 P. insidiosum samples using 100 ng gDNA template, whilst no PCR product was seen from negative control samples (data not shown). A BLAST search of the NCBI database confirmed that sequences of the 550 bp amplicon (from three representative strains: P6, P12 and Pi-S) significantly matched (i98% identity) the reference PinsEXO1 gene sequence (GenBank accession number GU994093) (Krajaejun et al., 2010) . The same set of the gDNA templates (n593) was analysed by RT-PCR using the primers Pr77/Pr78. All P. insidiosum gDNA samples provided C q values between 19.0 and 22.6 cycles (mean 20.7; SD 1.0) (Fig. 2a) , and the melting curve peaks (at 87 uC) above the software-generated cut-off threshold (Fig. 2b) . In contrast, all of the control samples provided C q values between 28.7 and 37.4 cycles (mean 33.9; SD 1.8) (Fig. 2a) , and the melting curve peaks below the cut-off threshold (Fig. 2b) . Based on the C q values and the melting curve cut-off threshold, RT-PCR was able to discriminate P. insidiosum from other fungi with 100% sensitivity and specificity.
According to the equation of Wilhelm et al. (2003) , the number of P. insidiosum genomes present in 100 ng gDNA was *1.7|10 6 copies. Analytical sensitivities (limit of detection) of the conventional and RT-PCR assays were analysed using a set of 10-fold serial dilution of P. insidiosum gDNA templates, ranging from 1|10 2 ng (equivalent to *1.7|10 6 genome copies) to 1|10 24 ng (*2 genome copies). The lowest amounts of gDNA template required for a successful PCR amplification of PinsEXO1 by conventional PCR (using the primers Dx3/Dx4) and RT-PCR (using the primers Pr77/Pr78) were 1 ng (*17 000 genome copies) and 1|10 24 ng (*2 genome copies), respectively. Turnaround times for the conventional and RT-PCR assays (including 6 h for gDNA extraction) were 10 and 7.5 h, respectively.
DISCUSSION
The PinsEXO1 gene was selected as a PCR target because it is highly conserved in identified strains of P. insidiosum, as recently reported by Keeratijarut et al. (2014) . The newly designed RT-PCR primers Pr77/Pr78 were theoretically capable of annealing to all PinsEXO1 sequences (GenBank accession numbers GU994090-GU994111), but not to genes from any other organisms deposited in the NCBI database or from non-insidiosum Pythium species deposited in the FungiDB database (Stajich et al., 2012) , suggesting this primer set is highly specific for PinsEXO1. The presence of two copies of the primer-specific PinsEXO1 sequence in the P. insidiosum genome increased the chances of successful PCR amplification. The E value of 108% (acceptable range 90-110%) and the R 2 value of 0.994 (acceptable range w0.990) confirmed that this assay is highly efficient, and that the relationship between C q and DNA quantity is linear (Cankar et al., 2006; Karlen et al., 2007) . The intra-assay (1.5-3.1%) and inter-assay (1.5%) CVs of the RT-PCR were relatively low (acceptable range v10%), reflecting the reproducibility of the assay (Cankar et al., 2006; Karlen et al., 2007) . Taken together, the RT-PCR of PinsEXO1 was successfully developed for detecting and quantifying gDNA of P. insidiosum.
The conventional PCR assay displayed high sensitivity and specificity in its detection of the PinsEXO1 gene (Keeratijarut et al., 2014) . Here, we evaluated the performance of RT-PCR of PinsEXO1, using the primers Pr77/Pr78, compared with conventional PCR with Dx3/Dx4 (Keeratijarut et al., 2014) . The universal fungal primers ITS1/ITS4 amplified rDNA from all P. insidiosum and control samples, confirming the presence and quality of gDNA in these samples. PCR amplifications of no-template controls showed no shows that the melt peaks of the P. insidiosum sample-derived amplicons (#) are at 87 8C and above the software-generated cut-off threshold, whilst the peaks belonging to the fungal (D) and no-template (-) control samples are all below the cut-off value. All samples were tested in triplicate. RFU, relative fluorescence units.
Detection of P. insidiosum by real-time PCR product with any of the primer pairs (Pr77/Pr78, Dx3/Dx4 or ITS1/ITS4), establishing an absence of background reactions. gDNA samples were prepared from various strains of P. insidiosum and a variety of fungal species (including some that share microscopic features with P. insidiosum, i.e. Aspergillus spp., Fusarium spp.) for an extensive evaluation of PCR performance. The detection sensitivity and specificity of the conventional and RT-PCR assays were 100%, as both assays amplified expected PinsEXO1 products from all P. insidiosum samples, but failed to produce an amplicon from any control samples.
Compared with conventional PCR, RT-PCR showed better analytical sensitivity (gDNA 1|10 24 versus 1 ng; genome copies 2 versus 17 000) and shorter turnaround time (7.5 versus 10 h). As RT-PCR exhibited relatively high analytical sensitivity, it could be used to detect P. insidiosum in samples with only traces of gDNA, such as clinical specimens (for diagnostic purpose) and environment-derived samples (for epidemiological study). RT-PCR could also be used to assess expression of a P. insidiosum gene of interest (i.e. PinsEXO1) for biological study.
In conclusion, RT-PCR for the PinsEXO1 gene was successfully developed to detect and quantify gDNA of P. insidiosum. Although the conventional and RT-PCR assays had equivalent detection sensitivities and specificities, the latter showed a better analytical sensitivity (limit of detection) and turnaround time. RT-PCR can also quantify the amount of gDNA in samples, and facilitate biological and epidemiological studies of P. insidiosum.
